Caspases, a family of cysteine-dependent aspartate-specific proteases, are central to the maintenance of cellular and organismal homoeostasis by functioning as key mediators of the inflammatory response and/or apoptosis. Both metabolic inflammation and apoptosis play a central role in the pathogenesis of metabolic disease such as obesity and the progression of nonalcoholic steatohepatisis (NASH) to more severe liver disease. Obesity and nonalcoholic fatty liver disease (NAFLD) are the leading global health challenges associated with the development of numerous comorbidities including insulin resistance, type-2 diabetes and early mortality. Despite the high prevalence, current treatment strategies including lifestyle, dietary, pharmaceutical and surgical interventions, are often limited in their efficacy to manage or treat obesity, and there are currently no clinical therapies for NAFLD/NASH. As mediators of inflammation and cell death, caspases are attractive therapeutic targets for the treatment of these metabolic diseases. As such, pan-caspase inhibitors that act by blocking apoptosis have reached phase I/II clinical trials in severe liver disease. However, there is still a lack of knowledge of the specific and differential functions of individual caspases. In addition, cross-talk between alternate cell death pathways is a growing concern for long-term caspase inhibition. Evidence is emerging of the important cell-death-independent, nonapoptotic functions of caspases in metabolic homoeostasis that may be of therapeutic value. Here, we review the current evidence for roles of caspases in metabolic disease and discuss their potential targeting as a therapeutic strategy.
Facts
(1) Caspases can mediate the inflammatory response and apoptotic cell death to maintain organismal homoeostasis (2) Caspase-dependent apoptosis is involved in the pathogenesis of obesity and progression of severe NASH (3) Blocking apoptosis in NASH with pan-caspase inhibitors shows therapeutic potential in clinical studies (4) Caspase inhibition has not been investigated in the context of obesity
Open questions
(1) How do caspases differentially regulate metabolism? (2) Which specific caspases have non-apoptotic roles in metabolic disease? (3) What are the critical caspase substrates mediating metabolic functions? (4) Can caspases or their specific substrates be therapeutically targeted in obesity?
caspase-11 is the murine orthologue of human caspase-4 and -5. Apoptosis occurs via two main pathways: the extrinsic death-receptor pathway (e.g. Fas/CD95, TNFR) or the intrinsic pathway via mitochondrial outer membrane permeabilisation (MOMP). In both cases, the activation of initiator caspases following their dimerisation through caspase activation platforms leads to subsequent effector caspase activation, cleavage of a large number of cellular substrates and apoptosis [1] . In response to damageassociated molecular patterns (DAMPs) or pathogen- inflammation, metabolic dysfunction and hepatocyte cell death. Progression of NAFLD to NASH to more severe NASH involves marked increases in hepatocyte apoptosis, resulting in hepatic stellate activation, collagen deposition, scarring and fibrosis. Abbreviations: FFA free fatty acids, HCC hepatocellular carcinoma, HSC hepatic stellate cell, IL interleukin, NAFLD nonalcoholic fatty liver disease, NASH nonalcoholic steatohepatitis, TNF tumour necrosis factor associated molecular patterns (PAMPs), the activation of inflammatory caspases, particularly caspase-1, results in maturation of inflammatory cytokines and pyroptosis, an alternative form of cell death [2] . Caspases also have roles independent of inflammation and cell death with importance of their non-apoptotic functions increasingly becoming apparent [1] . Apoptosis plays a central role in the pathogenesis of obesity and progression of nonalcoholic steatohepatitis (NASH) to more severe liver disease (e.g. cirrhosis, hepatocellular carcinoma and end-stage liver failure) [3, 4] . The therapeutic potential of blocking apoptosis through use of pan-caspase inhibitors in liver injury and disease has been demonstrated in animal models and initial clinical studies (some ongoing) [5] but is yet to be investigated in the context of obesity. However, the precise function of specific caspases is still unclear, and evidence of cross-talk between alternative cell death pathways may complicate therapeutic blocking of apoptosis to treat metabolic diseases. Due to high overlap in substrate selectivity among caspase family members, there is currently a lack of available specific small-molecule inhibitors, although a number of compounds have been patented [6, 7] . Therefore, novel targeting strategies involving nanoparticle siRNA delivery or future utilisation of CRISPR-Cas9 gene-editing approaches may be required to therapeutically ablate individual caspases. Firstly, however, better knowledge of the nonapoptotic roles and the precise mechanism of individual caspase functions need to be established. Furthermore, elucidation of the mechanism of caspase functions with identification of their specific proteolytic substrates may prove to be of benefit for future therapeutics.
Apoptosis in the pathogenesis of obesity and progression of NASH Obesity, characterised by excessive accumulation of fat, involves impaired lipid storage with dysfunction and overexpansion of white adipose tissue (WAT), leading to toxic accumulation of lipids in non-adipose tissue (e.g. liver and skeletal muscle) (Fig. 1) [8, 9] . In obesity, WAT overexpansion primarily occurs via increases in adipocyte size (hypertrophy) and number (hyperplasia) [8] . Hypertrophy occurs to a certain limit before it triggers cell death that precedes hyperplasia to maintain or increase lipid-storage capacity [4, 10, 11] . Adipocyte size positively correlates with increased caspase activation, adipocyte apoptosis, insulin resistance and inflammation in obese mice and humans [4, 10, 12] . Adipocyte cell death promotes infiltration of adipose tissue macrophages that aggregate in crown-like structures to remove apoptotic bodies and lipiddroplet remnants. This coincides with the release of proinflammatory cytokines and mediators (TNF-α, IL-6 and iNOS) that promote a state of low-grade chronic inflammation ( Fig. 1 ) [10, 13] . Morphologically, adipocyte cell death resembles the ultrastructural features of necrosis and pyroptosis [13, 14] , although involvement of apoptosis in this process is also well documented [4] . Targeted apoptotic deletion of adipocytes via induction of caspase-8 activation using the FAT-ATTAC mouse model has demonstrated the role of apoptosis in the recruitment of inflammatory macrophages and formation of crown-like structures [15, 16] . Nonalcoholic fatty liver disease (NAFLD), characterised by hepatic accumulation of lipids in the absence of alcohol, results from imbalances in the uptake of circulating free fatty acids (FFA) and/or increases in hepatic de novo lipogenesis accompanied by decreased fatty-acid output [17] . Although obesity is one of the major risk factors for the development of NAFLD, it also occurs in lean people and disorders where primary lipid storage is impaired or absent (e.g. lipodystrophies) (Fig. 1) [18] . NASH, a more severe form of NAFLD, is distinguished from simple steatosis by the presence of massive hepatocellular death (primarily apoptosis), hepatocellular ballooning, inflammation and fibrosis [3] . Although multiple forms of cell death (pyroptosis, necroptosis and autophagy-dependent cell death) have been identified, hepatocyte apoptosis plays a key role in driving disease progression with the formation of apoptotic bodies further promoting inflammatory infiltration and activation of collagen-producing hepatic stellate cells that promote fibrogenesis (Fig. 1) [19, 20] .
Mechanisms of apoptosis in metabolic disease
In obesity and NASH, caspase-dependent apoptotic cell death can be initiated by both the extrinsic and intrinsic signalling pathways (Fig. 2) , although the precise mechanism is still unknown [4, 12, 21] . In obese human adipose tissue, increased levels of active caspase-3, -7 and -9 protein and caspase-3/7 activity along with decreased phosphorylation of anti-apoptotic Bcl2 protein have been detected [12] . Induction of CASP9 and CASP3/7 transcripts was also detected in the obese adipose tissue [12] , although it is important to note that changes in CASP gene expression do not necessarily infer changes in levels of apoptosis which is a post-translational mechanism. As the primary initiator of the extrinsic apoptotic pathway, caspase-8 has a central role in obesity and NASH. Extrinsic apoptosis typically involves ligand-dependent activation of cell death receptors (e.g. Fas, TNF-α and TRAIL) via binding of their cognate ligands, triggering the formation of an intracellular death-inducing signalling complex (DISC) that recruits and activates caspase-8 [1] . Caspase-8 can then directly activate caspase-3 or cleave Bid to trigger MOMP, indirectly activating caspases and apoptosis similar to the intrinsic pathway (Fig. 2) [22] . Notably, caspase-8 can also be activated by intrinsic signals [22] . Increases in circulating FasL correlate with hepatocyte apoptosis and disease severity in NASH patients [21] . The toxic accumulation of FFA, particularly long-chain saturated fatty acids and other lipid species (e.g. free cholesterol, ceramide), can lead to increased reactive oxygen species (ROS) formation, mitochondria dysfunction, TNF-α production and activation of several stress pathways, including ER stress and JNK activation [17, 23, 24] . Release of TNF-α from adipose tissue into the circulation, can further promote local cell death by the extrinsic TNFR-mediated pathway contributing significantly to hepatocellular death in the liver (Fig. 1) [9] . Increases in circulating FFA can also trigger extrinsic apoptosis by stimulating TRAIL death-receptor 2-mediated signalling [25, 26] and by sensitising cells to cytokine toxicity (Fig. 2) [24] . Intrinsic apoptosis typically involves oligomerisation of BAK or BAX at the mitochondria, resulting in MOMP and release of cytochorome c that binds to apoptotic protease-activating factor 1 (APAF1) to form the apoptosome. Apoptosome activates caspase-9 which then cleaves and activates caspase-3 to trigger apoptosis (Fig. 2) [22] . Caspase-2 has been implicated to be important for hepatocellular apoptosis in NASH, as discussed further below [27, 28] . Although not required for intrinsic apoptosis, caspase-2 is activated in response to intrinsic signals and is known to cleave Bid and function both upstream and downstream of MOMP to initiate or propagate the apoptotic signal (Fig. 2) [1]. As mentioned above, some caspases are also involved in alternative cell death pathways, thus providing cross-talk between apoptosis and other means of cellular demise. Furthermore, the roles of several caspases, including caspase-1, -2, -3 and -8 in metabolic homoeostasis and disease have been reported.
Cross-talk between caspases and alternate cell death pathways in metabolic disease
For therapeutic targeting of caspases addressed later in this paper, it is important to discuss the issue of alternate cell death pathways and cross-talk between them. Due to cross-talk between different cell death pathways and morphological similarities, it is very difficult to differentiate between different modalities of cell death in vivo [29] . Death via both pyroptosis and necroptosis results in lytic cell death, and apoptosis can result in secondary necrosis if the resulting apoptotic bodies are not removed by scavenger cells [29] . It has become increasingly evident that failure of one mode of cell death can result in alternative 'back-up' modes of death being triggered, both dependent and independent of caspases, that are important to acknowledge when considering blocking of apoptosis via caspase inhibition as a therapeutic option (discussed later in this paper). With regard to metabolic disease, these alternate cell death pathways have important roles in propagating local inflammation and trigger further apoptosis or pyroptosis of surrounding cells following the release of DAMPs and inflammatory cytokines. In addition to apoptotic and regulated cell death, accidental or necrotic death can be increased following blockage of programmed cell death [29] .
Pyroptosis primarily occurs via cleavage of gasdermin D by caspases-1, -4, -5 and 11 [30] . Cleavage results in release and translocation of a N-terminal fragment of gasdermin D that oligomerises at the plasma membrane forming pyroptotic pores that result in cell swelling and membrane rupture [30] . Recently, it has been shown that other gasdermin family members (six in humans) also form pores at the plasma membrane and induce pyroptosis and this can involve caspase cleavage [30] . Effector caspases-3 and -6 were reported to cleave gasdermin B and gasdermin D within their pore-forming domain, suggesting that during apoptosis, caspases may inactivate gasdermins to prevent pyroptosis [30] . However, caspase-3 has also been shown to cleave and activate gasdermin E, resulting in a switch from apoptotic to secondary necrotic/pyroptosis death in response to chemotherapeutic drugs, TNF-α and viral infection [31] . While highly relevant in the context of metabolic disease as discussed in this paper, it needs to be fully established if gasdermin E is present in hepatocytes and/or adipocytes as its expression seems to be limited to only certain cell types [30] . Caspase-8 has also been proposed to function upstream and downstream of the NLRP3 inflammasome, and it has been suggested that a fine-tuned balance may exist between pyroptosis and apoptosis [32] . Furthermore, activation of the NLRP3 inflammasome has also been reported downstream of necroptosis induction [32] . Thus, communication between these various cell death pathways needs to be further defined.
In the context of caspase inhibition, when MOMP reaches a certain level, it has been shown that caspase inhibition can have limited effect in stopping apoptosis and can indeed result in increased inflammatory signalling following the release of mitochondrial DNA [33] .
Mitochondrial DNA in the cytosol triggers the innate immune cGAS/STING pathway, resulting in type-I interferon production by dying cells. The apoptotic caspase cascade generally suppresses this mtDNA-induced cGAS/STING signalling to ensure that cell death does not result in an immune response. Thus, an inhibition of caspases can result in increased secretion of IFN-β [33] . This can in turn promote DAMP signalling and may further exacerbate local inflammation and progression of metabolic disease.
While caspase-8 has a key role in extrinsic apoptosis, it is also critical in suppression of necroptosis. Like pyroptosis, necroptosis is a form of programmed lytic cell death and morphologically the two forms of cell death can be identical [29] . Necroptosis involves activation of intracellular receptor-interacting protein kinase 3 (RIPK3) followed by phosphorylation of mixed-lineage kinase domain-like (MLKL) which then binds and oligmerises at the plasma membrane, forming necroptotic pores that result in cellular swelling, plasma membrane rupture (lysis) and release of cytosolic DAMPs in an analogous manner to gasdermins in pyroptosis [29] . While RIPK3 can be activated by intracellular signals, extrinsic TNFR signalling via RIPK1 can trigger RIPK3 activation. Typically, RIPK1 recruits FADD, resulting in caspase-8 activation, leading to apoptosis and blockade of the inflammatory necroptotic pathway via caspase-8-mediated cleavage of CYLD, and in this manner, caspase-8 has a dominant pro-survival effect during embryogenesis and hematopoiesis [34] . Thus, necroptosis only occurs in the absence or inhibition of caspase-8 activity. Regulation and cross-talk of alternative cell death pathways is tightly regulated and the mechanisms are still widely unknown. While a number of pro-and anti-apoptotic molecules are known, an important protein in the context of metabolic disease is the anti-apoptotic caspase-8 homologue cellular FLICE-inhibitor (cFLIP) protein [29] . cFLIP has a high affinity for binding to procaspase-8 and can inhibit its binding and activation to FADD to supress apoptosis, while depending on the levels of cFLIP, it can also help promote activation of caspase-8 and inhibit necroptosis via formation of a caspase-8-c-FLIP complex [35] . While more in-depth discussion of multiple forms of cell death is reviewed elsewhere [29] , complexities and therapeutic implications of caspase inhibition are further discussed below.
Caspase-1 in metabolic inflammation and metabolic disease
As an important component of the NLRP3 inflammasome, activation of caspase-1 has been shown to be associated with metabolic inflammation and disease, however, its precise role remains unclear due to inconsistent findings 
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In addition, caspase-1 has been linked with metabolism via its cleavage of sterol-regulatory binding proteins (SREBPs), peroxisome proliferator-activated gamma (PPARγ) and glycolytic enzymes (discussed further below) [41] [42] [43] . Importantly, the Casp1 −/− mice used in a number of studies (Table 1) are also deficient for Casp11, the murine homologue of human CASP4/5, due to the strain of 129 mice used to firstly generate the initial knockouts, before backcrossing to C57BL/6 mice, containing a mutation in the Casp11 locus that attenuates its expression [44] . Thus, these mice are referred to as Casp1 −/− Casp 129mt/129mt in Table 1 although they are discussed as being Casp1 −/− in the below text. Since the discovery of this dual knockout, caution is needed in interpreting results from Casp1 knockout animal studies as there may be an exacerbated or reduced response from combined deficiency of Casp1 on Casp11-deficient background. To date, only a single study has looked at the potential separate role of caspase-11 in metabolism by utilising Casp11-specific knockout mice generated on a C57/BL6 background expressing WT Casp1 [45] . In that study, Casp11 −/− mice showed no difference in their susceptibility to HFD-induced obesity compared to WT mice and displayed similar changes in weight and total fat mass to the Casp1 −/− Casp 129mt/129mt mice although the double knockouts accumulated significantly more epididymal adipose tissue [45] .
In mice, caspase-1 (combined with caspase-11, as discussed above) deficiency has been shown to result in reduced total fat mass, smaller adipocyte size, better insulin sensitivity and enhanced adipogenesis [37, 39] . The knockout mice were found to be protected from DIO reportedly due, in part, to an increase in whole-body fatty-acid oxidation [37] . As smaller adipocytes are known to be more insulin sensitive and more 'metabolically' active, this study indicates that the absence of caspase-1 leads to 'healthier' fat-mass/expansion of fat. However this is yet to be fully validated. Subsequently, in a separate study, the same group reported that increases in energy expenditure and enhanced faecal output also contributed to protection from DIO [38] . Following this, it was reported that the knockout mice had reduced intestinal absorption of dietary lipids, enhance hepatic triglyceride excretion and increased clearance of circulating triglycerides [46] . Enhanced triglyceride clearance, but not altered intestinal lipid absorption or hepatic clearance, was also observed in Casp1 −/− mice by Kotas et al.; however, this study, along with several other studies found Casp1 deficiency to be paradoxically more susceptible to the development of HFD-induced obesity (Table 1 ) [47] [48] [49] [50] . While it is possible that gut microbiota and loss of Casp11 (as discussed above) can contribute to these inconsistencies, further studies are clearly needed to establish whether targeting caspase-1 is of therapeutic value in obesity. Metabolic inflammation involving NLRP3 inflammasomemediated activation of caspase-1 and hepatocyte pyroptosis has been reported to play a crucial role in the progression of NAFLD to NASH [51] , and Casp1 −/− mice fed with a methionine-choline diet (MCD) for 4 weeks showed signs of exacerbated NASH [52] . NLRP3 inflammasome activation following ER stress, triggers caspase-1-mediated pyroptosis and positively correlates with liver injury in NASH patients [53] . In addition, Casp1 −/− mice fed with a MCD diet for 4 weeks showed signs of exacerbated NASH [52] . Paradoxically, protection of Casp1 −/− mice from HFD-induced NASH has also been reported, although in that study, Casp1 −/− mice still developed obesity [50] .
Chronic ER stress is a common feature of metabolic disease that can contribute to the development of insulin resistance [54] and ER stress-induced apoptosis can be induced by multiple pathways [55] . Although caspase-2 was initially reported to be a major effector of ER stressinduced apoptosis [56] controversy now surrounds this [57] . ER stress has also been linked with induction of pyroptosis with NLRP3 inflammasome and caspase-1 activation positively correlating with ER markers and liver injury in NASH patients [53] .
Other inflammatory caspases have also been investigated in the context of metabolic disease with knockout animal studies, suggesting that murine caspase-12 may have a protective role in the progression of obesity [45] . Caspase-12 has also been shown to inhibit caspase-1 and block the inflammatory response, although its catalytic activity is not required for this [58, 59] . Human caspase-12 protein is catalytically inactive and thus considered to be a pseudogene [60] . Furthermore, the expression of functional caspase-12 protein is absent in most human populations due to a premature stop codon in human CASP12 [60] , except in a small population of sub-Saharan African descendants carrying a SNP in CASP12 and who consequently have weakened inflammatory and innate immune responses [61] .
Caspase-2 function in metabolic disease
Caspase-2 is the most evolutionarily conserved member of the caspase family [1, 62] . Recent evidence indicates a role for caspase-2 in metabolic homoeostasis. In mice, caspase-2 deficiency results in reduced maximal body weight, decreased total fat mass [63, 64] and smaller white adipocyte size [65] [66] [67] . Casp2 −/− mice also have reduced fasting blood glucose and are protected from the development of age-induced glucose intolerance. This is despite Casp2 −/− mice displaying a mild premature ageing phenotype, in part due to enhanced susceptibility to oxidative stress-induced damage and an impaired antioxidant response system [63, 68] . Recent data suggest that Casp2 −/− mice have an increased preference for whole-body carbohydrate utilisation [65] , but the mechanism of this phenotype has not been established. Importantly, these metabolic phenotypes in Casp2 −/− mice appear to be independent of apoptosis, as no detectable differences in cell death have been found in adipose tissue or liver under normal dietary conditions [63, 65, 66] . However, the apoptotic function of caspase-2 appears to be important in the progression of severe NASH [27, 28] . Caspase-2 has been implicated in saturated fatty-acidinduced apoptosis (lipoapoptosis) [69] and in addition to caspase-8, is activated in response to ceramide-induced apoptosis [70] . While one study reported protection from western diet-induced liver injury in Casp2 −/− mice [67] , this is likely to be a secondary effect of overall protection from obesity. In addition, no detectable difference in hepatocellular apoptosis has been found in other studies employing Casp2
animals [63, 65, 66, 68, 71, 72] . However, increased activation of caspase-2 is observed in patients with more severe NASH compared to those with simple steatosis [21] and Casp2 −/− mice are protected from MCD-induced NASH [28] . Two independent studies have found that Casp2 −/− mice are protected from the development of DIO, NAFLD and insulin resistance (Table 1 ) [65, 67] . Although both studies observed a decrease in obese adipocyte apoptosis, this is likely a consequence of overall reduced susceptibility to obesity and does not provide evidence for direct involvement of caspase-2 in this context [65, 67] . While Machado et al. suggested that protection from DIO partly involves increases in fatty-acid oxidation in Casp2 −/− mice [67] , this was not consistent with the indirect calorimetry studies [65] . Nevertheless, findings from both studies suggest that caspase-2 alters mature adipocyte metabolism of fats and/or that adipogenesis is enhanced which would consequently result in healthier expansion of fat mass [65, 67] . This includes the presence of smaller adipocytes, maintenance of WAT PPARy, FABP4 and adiponectin levels and evidence of WAT browning (increased UCP1 expression) following HFD or western-diet feeding [65, 67] . Studies involving lineage tracing in mouse show that brown or 'beige'-like adipocytes are generated mainly de novo from pre-adipocyte cells and not via transdifferentiation of mature adipocytes [11] . Machado et al. also observed increased proliferation of adipose-derived stem cells from Casp2 −/− mice [67] . These studies indicate a potential role for caspase-2 as a target in obesity, however, as with the other caspases, it is yet to be established if blocking caspase-2 can reverse pre-existing disease. Interestingly, Casp2 −/− mice have also been shown to be protected from streptozocin diabetes-induced bone marrow adiposity [73] suggesting depot-specific differences.
As described above, activation of caspase-2 has been reported to increase with severity of NASH in patients [27] and Casp2 −/− mice are protected from the development of MCD-induced NASH (Table 1 ) [28] . While this implicates caspase-2 as an important mediator of apoptosis in NASH, no significant differences have been noticed in the levels of apoptosis in livers of normal Casp2 −/− mice or following ethanol-induced liver injury [63] , paraquat toxicity [68] or DEN-induced HCC [71] . In addition, although MCD-fed mice are protected from NASH, they still develop fatty liver [28] . Unlike HFD-feeding, the MCD is a nutrient-deprivation model of NASH resembling features of starvation [74] . Consistent with this, no differences were observed in fasting-induced liver steatosis [66] or alcohol-induced liver steatosis [63] . This suggests that caspase-2 does not alter FFA uptake and/or de novo lipogenesis in vivo, consistent with the lack of observed differences in lipogenic/FFA pathways [65, 66] . In contrast to these models, protection of Casp2 −/− mice from the development of DIO NAFLD is likely a secondary effect to overall protection from obesity. Thus, while these studies provide support for caspase-2 as a potential therapeutic target in metabolic diseases, further preclinical animal studies are needed to validate such an approach. Caspase-2 is an important regulator of genomic stability and maintenance of normal ploidy [75, 76] . Following cytokinesis failure, caspase-2 has been shown to cleave MDM2, thus stabilising p53 and resulting in cell-cycle arrest [77] . Other findings suggest that caspase-2 prevents the accumulation of mitotically aberrant cells, such as aneuploidy cells, via its apoptosis function and caspase-2 deficiency in mice results in accumulation of aneuploidy cells in the bone marrow of aged knockout mice [76, 78] . As p53 and aneuploidy affect cellular metabolism, the link between caspase-2-augmented genomic stability and metabolism cannot be ruled out.
Non-apoptotic roles of caspase-8 and necroptosis in metabolic disease

Similar to Casp2
−/− mice, MCD-fed Casp3 −/− mice show reduced development of NASH but not steatosis (Table 1) [79]. In contrast, hepatocyte-specific deletion of caspase-8 (Casp8 Δhep ) reduces both MCD-induced NASH and steatosis [80] and reverts the enhanced progression of MCDinduced NASH in c-Met knockout mice after 4 weeks of dietary feeding [81] . In addition, Casp8 Δhep mice show reduced development of alcohol-induced steatosis [82] .
Microarray analysis of liver from MCD-fed Casp8
Δhep mice provided evidence that caspase-8 may also have a non-apoptotic role in de novo lipogenesis and hepatic lipid storage and export [80] . However, in conflict with these findings, Gautheron et al. reported an increase in MCDinduced NASH (with no difference in steatosis) in liver parenchymal and hepatocyte-specific Casp8 knockout mice (LPC, hepatocytes and cholangiocytes; Casp8 LPC−KO ) [83] . This was reportedly due to increases in RIP3-dependent hepatocyte necroptosis which was suggested to promote NASH-induced liver fibrosis [83] . In addition to apoptosis, caspase-8 is required for suppression of necroptosis. Necroptosis (programmed necrosis) is a highly specific alternative cell death programme, dependent on RIP1 and RIP3 kinases, that is triggered downstream of the TNF receptor [84] . However, the role of necroptosis in human liver disease is controversial as it requires a block or absence of caspase-8 and there is no evidence to suggest that caspase-8 would be blocked in patients [84] . Additionally, intrinsic apoptosis can still be triggered in the absence of caspase-8, and as such, enhanced activation of caspase-9-mediated apoptosis was recently reported in hepatocytes of Casp8
Δhepa mice following alcohol-induced liver injury that was ameliorated using a pan-caspase inhibitor [82] . Recently, in vivo pan-caspase inhibition using ZVAD-fmk was shown to initially reduce lipopolysaccharide/D-galactosamine (GalN)-induced hepatocellular apoptosis before triggering necrotic death after prolonged caspase inhibition [85] . Interestingly, pharmacological inhibition of RIPK1 by necrostatin or by genetic deletion of RIPK3 in the presence of ZVAD-fmk did not prevent necrosis but rather, exacerbated LPS/GalN/ZVD-induced liver injury. This study suggested that inhibition of caspases in liver injury can trigger a non-necroptotic caspaseindependent form of cell death [85] . Further adding to the controversy, a subsequent study by Gautheron et al. showed upregulation of RIP3 in obese WAT and by using choline-deficient HFD (CD-HFD) based on knockout animal studies, proposed that RIP3 plays a role in suppressing, not inducing, inflammation by blocking caspase-8-dependent adipocyte apoptosis [86] . However, it is still unclear how RIP3 acts to block caspase-8-induced apoptosis in this context.
As described above, cFLIP is an important regulator of caspase-8 and helps maintain a balance between apoptotic and necroptotic modes of cell death [35] . In mice, hepatocyte-specific deletion of cFLIP increases susceptibility to liver injury that is accompanied by enhanced caspase activation, apoptosis and inflammation [87] . Furthermore, cFLIP has been identified as a critical suppressor of NASH and metabolic syndrome in animal models with CFLAR mimicking peptides reversing NASH and metabolic disorder in mice and monkeys [88] . However, this occurs via direct blocking of ASK1/JNK1 activation [88] and may not involve its interaction with caspase-8.
Caspase substrates influencing de novo lipogenesis and adipogenesis
Increased hepatic de novo lipogenesis is a common feature of NAFLD that can arise following activation of transcription factors such as SREBP-1 and PPARγ [89] . SREBP transcription factors are master regulators of lipid homoeostasis that are activated in response to cholesterol depletion, insulin stimulation and ER stress to transcriptionally upregulated genes involved in fatty-acid triglyceride, phospholipid and cholesterol synthesis [90] . Caspasemediated cleavage of SREBP occurs during apoptosis [42] and has been observed following in vitro incubation with recombinant caspase-3, -7, -4 and -12 [91, 92] . Caspase-1 has also been shown to cleave SREBP independent of cell death to enhance de novo lipogenesis and membrane biogenesis to possibly promote cell survival following hepatitis C viral-infection [93] or in response to the bacterial poreforming toxin aerolysin [94] . Whether NLRP3 inflammasome activation of caspase-1 also results in SREBP cleavage in the setting of obesity and/or NAFLD/NASH is not known; however, if cleavage results in activation of SREBP, and enhanced lipogenesis, then this is not a desirable outcome in the treatment of these metabolic diseases. Some evidence suggests that caspase-3 may cleave SREBP2 in a non-apoptotic manner in response to NGF and pro-NGF stimulation of p75 neurotrophin receptor signalling to regulate low-density lipoprotein receptors (LDLRs) and lipid uptake [95] . Although human CASP2 gene was reported to be under transcriptional control of the SREBPs and involved in positive-feedback loop, recombinant caspase-2 does not cleave SREBPs [92] . PPARγ is also a key regulator of lipid metabolism and is an essential mediator of adipogenesis and adipose tissue function [96] . Caspase-mediated cleavage of PPARγ, independent of apoptosis, has been observed in 3T3-L1 adipocytes with cleavage, resulting in deactivation of PPARγ and disruption of adipocyte metabolism by reducing the expression of lipogenic genes [97, 98] . He et al. observed caspase-1, but not caspase-3, -8 or -9-mediated cleavage of PPARγ, following TNF-α and cyclohexamide treatment of 3T3-L1 adipocytes [43] . In contrast, Guilherme Phase IIb in rheumatoid arthritis and osteoarthritis Improved insulin sensitivity and attenuated increase in body weight [37, 38] Terminated in phase IIb in RA due to liver toxicity in animals Ac-YVAD-cmk Non-pharma Hepatoprotective, reduced ALT [102] Reduced development of liver injury, inflammation and fibrosis; no change in steatosis [104] Completed; reduced ALT levels [105] Completed; reduced ALT levels [106] Completed; reduced markers of liver injury [107] Completed; reduced ALT activity (NCT02077374)
Active; not recruiting (NCT02686762) Active; recruiting (NCT03205345) Active; recruiting (NCT02960204)
VX-166 Vertex Pharmaceuticals Broad-spectrum pancaspase Preclinical mouse models of NASH and NAFLD Suppressed development of fibrosis but did not improve liver injury [109] Reduced inflammation and liver injury but not steatosis [108] ALT alanine aminotransferase, et al. observed caspase-3, -6 and -8, but not caspase-1, -2, -5, -7 or -9 that cleave PPARγ in response to TNF-α stimulation [97] . TRAIL was also shown to regulate adipocyte metabolism by activating caspase-8 and -3, which subsequently led to non-apoptotic cleavage of PPARγ [98, 99] . TRAIL can inhibit adipogenic differentiation of human SGBS preadipocytes and stromal-vascular cells isolated from human WAT in a dose-dependent manner by activating caspase-8 and -3, resulting in downregulation of C/ EBP-α, CEBP-σ and PPARγ [100] . Caspase-1 cleavage of PPARγ in tumour-associated macrophages, promotes tumour differentiation, progression and metastasis [101] .
Therapeutic targeting of caspases in metabolic disease
Several preclinical and clinical studies provide promising evidence that pan-caspase inhibitors are of therapeutic value in blocking apoptosis in liver disease (Table 2 ) [24] . Emricasan (IDN-6556), an irreversible pan-caspase inhibitor, has shown efficacy in blocking hepatocellular apoptosis and attenuating liver injury, inflammation and fibrosis in animal models of liver injury and HFD-induced NASH (Table 2 ) [102] [103] [104] . Evaluation of Emricasan in phase I/II clinical trials has demonstrated that it is well-tolerated in humans following short-term treatment and improves the levels of liver marker enzymes, although these quickly returned to pre-treatment levels after drug discontinuation [105] [106] [107] . Phase-II trials investigating its use in NAFLD (NCT02077374) show reduction in liver injury (Table 2) . Phase-II trials in NASH-associated fibrosis (but not cirrhosis) (NCT02686762), decompensated NASH cirrhosis (NCT03205345) and in patients with NASH cirrhosis and severe portal hypertension (NCT02960204) they are currently active (Table 2) . Another irreversible pan-caspase inhibitor, VX-166, has also been shown to reduce hepatocellular apoptosis, inflammation and fibrosis in MCD-and HFD-models of NASH (Table 2 ) [108, 109] . VX-166 did not reduce hepatic steatosis in the MCD-diet model [108] but reduced hepatic triglyceride levels in the HFD-model, although no improvement in liver-injury markers was observed [108, 109] . GS-9450, an irreversible selective inhibitor of caspases-1, -8 and -9, evaluated in a phase-II clinical trial in patients with NASH, is well tolerated in patients and reduces serum ALT levels ( Table 2 ) [110] . However, a larger 6-month phase-II clinical trial in hepatitis C patients was later terminated due to drug-induced liver toxicity concerns ( Table 2) . As a stand-alone therapy, pancaspase inhibitors may have limited efficacy and would best be administered with other metabolic target therapies, such as thiazolidinediones (TZDs) or synthetic PPARγ agonist, that are geared to reduce hepatic fat accumulation and metabolic stress [5] . While promising, the long-term effects of pan-caspase inhibition need to be examined, especially with recent findings, also discussed above, from animal studies indicating enhancement of alternative cell death pathways. [82, 85] While evidence suggests that caspase-1, caspase-2 and caspase-8 can influence metabolism, independent of cell death, whether and how they may lead to metabolic disease onset and/or progression is not known. In the context of obesity, the utility of targeting adipocyte apoptosis is yet to be investigated; however, tissuespecific targeting of non-apoptotic roles via selective caspase-2 or caspase-1 inhibition may be of more value. As indicated from animal studies, if ablation of caspase-2 and/ or caspase-1 can modulate the size of adipocytes and adipogenesis in obese adipose tissue, then their therapeutic inhibition may result in the promotion of healthier fat mass that may help improve the reduction of fat accumulation in combination with dietary and lifestyle interventions. In support of this concept, short-term (2-week) treatment of genetically obese ob/ob mice with the caspase-1 inhibitor Pralnacasan has been shown to improve insulin sensitivity and attenuate increases in body weight (Table 2 ) [37] . However, a phase-IIb trial of Pralnacasan in rheumatoid arthritis patients was terminated due to liver toxicity in animals, although no adverse side effects were observed in trial participants [7] . In a separate preclinical study, caspase-1 inhibition, using AC-YVAD-cmk, in HFD-fed obese-diabetic LDLR −/− Leiden mice, reduced adipose tissue inflammation, prevented development of NASH and attenuated progression of insulin resistance but did not alter body-weight or dyslipidemia (Table 2 ) [111] . Despite being implicated in tumour suppression in mice, inhibition of caspase-2 appears to be safe as Casp2 −/− mice do not spontaneously develop tumours and have no overtly adverse phenotype [10] . Supporting the safety in targeting caspase-2, QPI-1007, a therapeutic naked siRNA targeting caspase-2, is currently being used in human phase-III clinical trials for the treatment of non-arteritic anterior ischaemic optic neuropathy (Quark Pharmaceuticals; http://qua rkpharma.com) [23] . In mouse studies, infusing an anticaspase-2 morpholino into mouse brain reduced caspase-2 protein levels and its cleavage of tau to reverse memory deficits without adverse effects [24] . To the best of our knowledge, there are currently no caspase-2 selective inhibitors available although a patent has been filed for nasal administration of a peptide inhibitor, with the amino acid sequence AFDAFC, targeting caspase-2 for treatment of neurodegenerative disorders such as ALS, Creutzfeldt-Jacob disease, AD, MCI, PD and HD [6] .
Due to the high overlap in substrate selectivity among caspases, the development of small-molecule inhibitors that specifically target caspases has remained challenging. Therefore, novel approaches utilising advanced drug delivery systems such as nanoparticles or liposomes in combination with siRNA-mediated knockdown or CRISPR-Cas9 gene editing should be a focus in future studies. As described above, a CASP2 siRNA has already reached a clinical trial and CASP8-specific siRNA has been shown to improve survival and attenuate liver damage induced by agnostic Fas (CD95) antibody (Jo2) or by adenovirus-expressing Fas ligand (AdFasL) [112] . However, since caspase-8 knockout can still exhibit activation of the intrinsic apoptotic pathways, this may still result in increased necroptotic injury.
Conclusions and perspectives
The animal model studies summarised here suggest that some caspases have roles in metabolism and pathologies due to metabolic defects. However, in the absence of more detailed studies, it is still not fully clear if apoptotic, nonapoptotic or both functions of caspases are important in particular metabolic diseases. Furthermore, a cross-talk between alternate cell death pathways and modes of death that occur in the absence of caspases activity, including the risk of increasing inflammatory responses and further propagating metabolic disease needs to be more clearly established in preclinical models. A lack in our understanding as to the roles of caspases in human biology and metabolic disease also constrains the proper investigations of the therapeutic potential of targeting caspases. Novel approaches utilising human derived cells and induced pluripotent stem cell systems with CRISPR-Cas9 knockout are needed to elucidate the finding in humans. Nevertheless, the accumulated data derived from gene knockout in mice provide leads for further exploration, both for better understanding metabolic diseases and for opening new avenues for targeting them. Importantly, while animal studies show protection from disease and potential therapeutic value, there is still much work needed to be done to determine the precise mechanism of function and translation to human biology. In addition, while genetic deletion of a given caspase shows protection (or increased susceptibility) to DIO or MCD-induced obesity, the effect of ablating caspase function in pre-existing disease models and potential to reverse disease needs to be established. Although pan-caspase inhibitors are able to reduce liver injury, it is not yet known what effect, if any, there is on adipocyte biology and blood glucose/insulin resistance, and the longterm consequence and induction of alternate cell death pathways need further study. Better understanding of the cell death-independent roles and identification of substrates and signalling pathways not resulting in death may provide alternate means for therapeutic advantage. 
